The decreasing availability of energy and concern about climate change necessitate the development of novel sustainable energy sources. Fusion energy is such a source. Although it will take several decades to develop it into routinely operated power sources, the ultimate potential of fusion energy is very high and badly needed. A major step forward in the development of fusion energy is the decision to construct the experimental test reactor ITER. ITER will stimulate research in many areas of science. This article serves as an introduction to some of those areas. In particular, we discuss research opportunities in the context of plasma-surface interactions. The fusion plasma, with a typical temperature of 10 keV, has to be brought into contact with a physical wall in order to remove the helium produced and drain the excess energy in the fusion plasma. The fusion plasma is far too hot to be brought into direct contact with a physical wall. It would degrade the wall and the debris from the wall would extinguish the plasma. Therefore, schemes are developed to cool down the plasma locally before it impacts on a physical surface. The resulting plasma-surface interaction in ITER is facing several challenges including surface erosion, material redeposition and tritium retention. In this article we introduce how the plasma-surface interaction relevant for ITER can be studied in small scale experiments. The various requirements for such experiments are introduced and examples of present and future experiments will be given. The emphasis in this article will be on the experimental studies of plasma-surface interactions.
Introduction
On June 28th 2005, the ITER partners China, the European Union, Japan, the Russian Federation, South Korea and the USA agreed to construct ITER in Cadarache, France. ITER is the large international fusion reactor and a major step on the way (ITER is Latin for 'the way') to commercial exploitation of nuclear fusion for the production of electricity. ITER is a fusion reactor of the 'tokamak'-type, in which a hydrogen plasma is confined in a torus by means of strong magnetic fields. ITER must demonstrate tenfold power multiplication in a controlled fusion process, at a power level in excess of 500 MW and during pulses of 10 min or longer. Experiments with ITER should lead to the solution of the remaining physics problems on the way to fusion. It will be used to address a number of technological issues that will be important in the construction of commercial reactors. [1] [2] [3] [4] Obviously, the construction and scientific and technological exploitation of ITER itself will be the main focus of the ITER programme. But in addition, a large accompanying research effort is needed to resolve issues that are relevant for ITER and fusion, but can best be carried out using other research tools. This article will focus on research efforts in an area that has been identified as one of the most critical in the ITER research and is close to the heart of the readership of Phys. Chem. Chem. Phys.: plasma-surface interactions (PSI).
In order to do this, we will introduce some aspects of ITER and fusion energy, lay out some of the exciting physics and chemistry that takes place in the extreme conditions at the periphery of the burning fusion plasma, and indicate where Phys. Chem. Chem. Phys. readers can contribute to the success of fusion. With the focus on plasma-surface interactions the discussion will end with the characteristics and design of a new, large plasma generator that is presently under construction at the FOM Institute for Plasma Physics: Magnum-psi. 5 This device has been conceived to mimic the ITER PSI conditions, and in this respect will be unique world-wide.
ITER and fusion energy 2.1. Fusion reactions and reactor design
Nuclear fusion is the energy source of the stars; it is a major source of energy in the universe. When plotting the stability of nuclei against atomic number we find a maximum about halfway across the periodic system around nuclei such as Fe. As a consequence of this and Einstein's famous formula, E = mc 2 , the fission of heavy nuclei like 235 U yields fragment nuclei and neutrons with excess (translational) energy. Likewise, the fusion of light nuclei yields heavier ones with excess energy.
However, because of the Coulomb repulsion of the nuclei concerned, fusion reactions proceed only at temperatures which are roughly 6 orders of magnitude higher than regular chemical reactions. The least activated reaction is the one between deuterium and tritium. This is the reaction of choice in ITER: 2 
D
1 þ 3 T 1 -n þ 4 He 11 þ 17.6 MeV.
For comparison we list the energetics of carbon monoxide combustion:
2CO þ O 2 -2CO 2 þ 10 eV.
The six orders of difference in magnitude of the barrier is reflected in the exothermicity of the two reactions. Per unit of mass of the 'fuel', the energy release of the fusion reaction is even 7 orders of magnitude larger than that of the chemical reaction.
Most (80%) of the energy of the DT fusion is carried away by the neutron. It is captured in a blanket containing Li, in a reaction in which tritium is also regenerated: 6 Li þ n - This reaction shows that 2 D and 6 Li constitute the fuel for fusion.
2 D is abundant in seawater and 6 Li is present in many common minerals. 250 g of typical Li-containing rock and 2 L of regular water are equivalent to 1000 L of oil, and would provide a family with electricity for a year. The exhaust of a 1 GW fusion plant is only 250 kg of benign He per year. The latter is to be compared to 7.2 Â 10 9 kg of CO 2 , which is released by a 1 GW coal fired power plant, not to mention the tons of ash and cinders. To put this number in the global perspective, the otherwise very fortunate rapid economic progress in China requires this country to open a 1 GW coal fired power plant every month. The need for fusion energy is obvious in view of the current debates on climate change.
The DT fusion reaction is not a chain reaction; a fusion reactor cannot have an energetic runaway. A fusion reactor is thus inherently safe from nuclear explosion. Some components inside the fusion reactor become activated during the operational lifetime, but the total radiotoxicity decays rapidly, dropping by 4 orders of magnitude within the first 100 years, to a level that allows recycling of the material. In addition, operation of a fusion plant does not require transport of radioactive fuel or waste. The fuel is abundant, practically unlimited, very cheap, and available to everyone, which could greatly reduce political tension. Fusion is one of the few options for large scale power generation. In summary, a fusion plant would be a very desirable addition to the world's capabilities of generating energy in a sustainable fashion.
The rate coefficient hsvi for the DT reaction peaks at a value of 10 À21 m À3 s À1 . The peak occurs at a Maxwellian temperature of 70 keV. For the fusion power output the ion density also plays an important role. For a given product of density and temperature (pressure) we find that the maximum output of fusion power is given around a fusion reactor operation temperature of 10 keV or 110 000 000 K! At those temperatures all light atoms are fully stripped of their electrons; light atom containing matter transforms into in a highly ionized plasma. Obviously, the contact of the hot plasma with a material wall has to be avoided, because the wall will be evaporated, the evaporated matter will be ejected into the hot plasma, and the plasma will be extinguished by the resulting fast cooling of the plasma. In ITER, and other socalled tokamak reactors this is done by confining the plasma in a doughnut-shaped magnetic field. In the picture of ITER in Fig. 1 , the doughnut-shaped plasma chamber, surrounded by magnets, can be seen clearly. The magnetic field is so strong that the ions and electrons can only move along the field lines, reducing the plasma transport perpendicular to the magnetic field lines by 14 orders of magnitude. This lowers the thermal conduction of the hot plasma to the wall so much that a temperature difference of 100 million K over a distance of about a meter can be sustained. The magnetic field is produced by superconducting coils, which implies that the hottest volume on earth is placed inside the world's largest liquid He cryostat.
Scientific issues of ITER
It is obvious that this is not the place to discuss the scientific issues of ITER in any detail. The reader is referred to other sources, notably also on the web. 1,3 However, roughly three issues can be discerned. Moving from the core of the reactor to the outside world, these are:
(1) The stable and efficient confinement of the hot plasma.
(2) The development of materials for the reactor that can withstand the high neutron flux.
(3) The exhaust of the power and associated plasma-surface interaction. 2.2.1. Physics of the burning plasma. The confinement of the hot plasma has for a long time been the focus of the fusion plasma community. Without magnetic confinement the required temperatures cannot even be obtained, which is the first step to a continuously burning plasma. The magnificent results of the three major tokamaks: JET (Culham, UK), JT60 (Naka, Japan) and TFTR (formerly at Princeton, USA) have demonstrated that stable confinement could be achieved at temperatures well in excess of the required 10 keV (40 keV and more have been achieved) during pulses of tens of seconds. In addition, JET and TFTR have demonstrated that DT fusion can be achieved in a tokamak, 6 producing fusion power of up to 16 MW. It is interesting to note that the Royal Society of Chemistry declared the generation of 1 MW of neutron power in JET to be the chemistry landmark for the year 1991. The achievement of break-even for the fusion reaction-released fusion power comparable to the power needed to maintain the operation of the reactor-is even more remarkable if one realises how difficult it is to sustain such a plasma. These results obtained on JET together with data from smaller devices now provide a very reliable data base from which we can extrapolate to a fusion machine which will be significantly beyond break-even; in ITER, 10 times more fusion power will be generated than is needed for the external heating of the plasma and device operation. This extrapolation implies that for an improvement of the heat insulation and energy confinement, a larger plasma volume than that in JET is needed, among other parameters. This results in the dimensions of ITER used in its design.
The understanding of confinement has strongly evolved over the past decades. Initially, the emphasis was on achieving a global steady state between the plasma and the confining fields; i.e., keeping the plasma suspended in the intended position. The next step is to maintain a local steady state as well, which implies suppression of local, small perturbations of the magnetic field structure, that could grow out and lead to rapid decay of the high temperature. This means an optimization of thermal confinement by active reduction of turbulence: in a strongly driven system such as the fusion plasma, with very steep gradients of pressure and temperature, turbulence can naturally form. Turbulence leads to enhanced thermal losses and hence reduced performance of the reactor. The fusion community has successfully developed ways to actively suppress or avoid the development of turbulence, so that the experimentally achieved thermal confinement can be brought close to the theoretical optimum. This achievement is built on an extensive basis of both theoretical and experimental work.
Although for ITER it is expected that the same physical models used for smaller tokamaks apply, the ITER plasma will enter an essentially new parameter domain. This means that the extrapolations that lie at the basis of the ITER design must be put to the experimental test, and the theoretical description must be extended. Completely new in ITER will be the physics of a 'burning' plasma, a plasma that is sustained by the power released by He 11 produced in the fusion reaction and carrying an energy of 3.5 MeV. The confinement of the alpha particles and the transfer of their energy, through collisional processes, to the plasma is uncharted water. As the neutrons are not confined in the magnetic field, their fusion power is transferred to the lithium blanket surrounding the plasma. Thus, while the fusion community is confident that ITER will achieve its design goals for confinement, ITER does constitute an essential step beyond the presently known physics, and in this respect should be regarded as a true, and exciting, physics experiment. The proof of the pudding remains in the eating! 2.2.2. Construction materials. ITER will generate significant fusion power, at the 500 MW level, and as most of this energy is in the neutrons that are produced in the DT fusion reaction, ITER will be exposed to a large dose of 14 MeV neutrons and thus get activated. This is in particular true for the 'first wall', and the components that are most exposed to the plasma, such as the vacuum vessel and the Li-containing blanket. ITER is by far the most intense source of such neutrons on earth, so the development of materials that can withstand this neutron flux is required. Analysis shows that the radiotoxicity of the activated parts of a fusion reactor-mainly the 'first wall' as seen by the neutrons-will be reduced to safe levels in 50-100 y. A lot of information regarding this can be found in EFDA reports such as 'EU Power Plant Conceptual Study, Annex 10: Safety and Environment Assessment' and the 'Safety and Environmental Impact of Fusion (SEIF report)', which can be downloaded from http://www.efda.org. Work is being done on materials such as vanadium containing alloys that have low activation and fast decay of activated compounds. Silicon carbide also seems an interesting option.
The behaviour of matter under prolonged neutron irradiation requires further study. Therefore, as part of the so-called broader approach to fusion energy, a special test facility IFMIF is to be constructed to carry out the irradiation tests of materials to be used in fusion reactors.
7 This is obviously a task for materials scientists, and will not be discussed further here.
2.2.3. Plasma-surface interaction. Plasma-surface interaction is an area of very exciting research, where ITER will be radically different from its predecessors. A typical plasma pulse in a contemporary, non-superconducting tokamak lasts for at most tens of seconds. An ITER pulse will last at least 500 s and continuous operation is foreseen. While the electron, ion and power fluxes to the wall in ITER will be only a factor of 2-3 higher, the accumulated particle and energy loads of the surfaces concerned in ITER will be up to 4 orders of magnitude higher than for the earlier machines. In terms of wallload, a single ITER pulse is comparable to at least a year of operation of JET, which is presently the largest fusion device in the world.
It is very challenging to construct walls that can sustain the loads expected in ITER. It is an interdisciplinary problem to be tackled by, for instance, fusion scientists, low temperature plasma physicists, surface scientists, surface chemists, atomic and molecular physicists, with respect to theory and experiment. This is the main topic of the present article and will be developed in the following sections.
Plasma-surface interaction in fusion devices
The first questions to be addressed here are: Where does the plasma hit the surface and why? 3, [8] [9] [10] [11] [12] [13] [14] The primary wall is supposed to be completely protected from impact of the plasma by the confining magnetic field. Diffusion across this field is strongly suppressed, but some diffusion across the field always occurs. Delicate equipment inside the toroidal plasma chamber is protected from plasma impact by so-called limiters. Impact on these devices is also unlikely under normal conditions, but they are designed to take a large power load in exceptional cases. In the so-called divertor the plasma is deliberately brought in contact with the wall. The reason for this is simple: in a burning DT plasma, He is produced. If the He remains in the core of the plasma, it will gradually dilute the burning DT mixture, and eventually extinguish the nuclear fire. In addition, the heating power released into the plasma volume by the He 11 formed and the initial external heating has to be exhausted via the wall.
Divertor physics
The He removal and plasma power exhaust occurs in modern tokamaks in the divertor. In Fig. 2 a view inside the vacuum vessel is shown with the divertor at the bottom, and in Fig. 3 a cross section perpendicular to the toroidal field is shown. The magnetic field surrounding the plasma core is designed to block any transport across it to the wall. The field lines form nested flux surfaces as shown, on which the particles run around the torus according to their thermal speed. The outermost of such magnetic flux surfaces is called the 'last closed flux surface' (LCFS). Below the LCFS the so-called X-point is shown; the magnetic field lines below it are designed to intersect the wall in the divertor region. Plasma that has moved by diffusion below the X-point will eventually hit the divertor surface. The angle between magnetic field lines and divertor surface is very small, only a few degrees, to reduce the specific heat load. At the divertor plate, the ions from the plasma are neutralised on the surface. The neutralization step will result in electron or photon emission and surface heating. The neutral molecules formed on the surface leave the divertor plates as atoms or molecules and are re-ionized when entering the plasma. Once ionized the magnetic field guides the ions and the plasma flow forces them to return to the surface, where neutralisation occurs again. In addition, (resonant) charge transfer reactions with the neutral gas produce hot neutral atoms, which exhaust a significant fraction of plasma energy onto the entire divertor wall when leaving the plasma. In addition, neutral molecules and impurity ions are excited by electron impact which leads to a significant electromagnetic radiation. Electrons and ions originating from the core plasma Poloidal cross section of a tokamak, showing the regions of the plasma and the boundary walls, where the important plasma-surface interaction takes place. Important regions are: the plasma core, the edge region just inside the separatrix, the scrape off layer outside the separatrix and the divertor region, which is an extension of the scrape off layer plasma along field lines into the divertor chamber. The divertor structure is designed to prevent neutral atoms and molecules from leaving the divertor. In the magnetic flux region below the X-point, the magnetic surfaces are spiralling downward to interact with the wall at the vertical divertor target plates and are isolated from the rest of the plasma. From ref. 10 . Published with permission from IAEA.
are thus effectively cooled by radiation and charge exchange processes from the keV range to preferably below 1 eV. 8, 15 The plasma ions can undergo many neutralization-reionization cycles before they leave the plasma regions as neutral molecules towards the vacuum pumps under the divertor. Inside the divertor, at plasma temperatures around a few eV, the plasma is in a so-called detached state. 16 The surface is thus protected by a dense plasma with a low degree of ionization. In Fig. 4 vertical cross sections through the ASDEX-Upgrade and JET tokamaks are shown, with a measurement of the total emission of electromagnetic radiation (as detected by bolometry) from the plasma. 17 This radiation is concentrated in the cooler regions of the tokamak, where the mainly singly charged ions provide the main part of radiation via electron impact excitation. It is clear that the entire divertor area below the X-point is filled with radiation. In this way a large fraction of the power entering the divertor region as plasma flow along the magnetic field is radiated into the entire tokamak, thus avoiding the overheating of small areas where the magnetic field lines intersect the divertor plates.
Strong coupling and synergy
In the detached regime the plasma is strongly coupled to the surface. By this we mean that the mean free path for plasma ions, molecules and dust particles eroded from the surfaces is small with respect to the plasma size. Most species will undergo many collisions in the divertor area before eventually disappearing in the vacuum pump, making the plasma physics of this multicomponent system very complex. This does not imply that the interaction in the weakly coupled limit is simple. Here the mean free path for constituents of the plasma is larger than the size of the interaction region. Winters and Coburn have demonstrated the existence of so-called synergistic effects in plasma etching of silicon. 18 Roughly speaking this means that two components of the plasma, e.g. Ar 1 ions and XeF 2 molecules individually hardly etch the surface, but together they realize significant etching. These synergistic effects make plasma chemistry particularly rich, non-linear, and again very complex. This effect is also present in the H (1) and CH 3 (1) system, as demonstrated by von Keudell and Jacob. 19 Synergistic effects have been discovered for weakly coupled plasmas. 20 It is to be expected that for strongly coupled plasmas the effects will be even stronger. It is clear that in this strongly coupled cooling process in the divertor region an enormous amount of atomic and molecular collision physics, surface science and cluster science is involved.
Wall materials and lifetime
The materials of the various walls are of critical importance, because they might be emitted in some form into the divertor plasma, contributing to the plasma chemistry and to the radiation level in the plasma. The role of the divertor surface and its material composition require much more study. Requirements for divertor materials are: good thermal and electrical conductivity, low probability of ending up in the core plasma, and if ending up in the core plasma: low Z. The low Z requirement follows from the fact that ions which are not fully stripped act as a heat sink in the plasma, due to continuous excitation-de-excitation cycles of inner shell electrons by plasma electrons. For ITER the provisional choice of materials is: W for limiters, Be for the primary wall, and C for the divertor target plates. The argument in general for this choice is beyond the scope of the present paper, and the reader is referred to other literature sources.
3,10,11 Some arguments will be touched on later in this article.
Control of the plasma-surface interaction has always been very important for the optimisation of the fusion plasma performance in present day devices. In the past, most PSI research has concentrated on plasma performance and optimal confinement, aiming at maximum flexibility with respect to different plasma scenarios. The plasma-surface interaction was approached with plasma performance in mind rather than surface science. However, in future, research activity in this field should concentrate on topics arising from long pulse operations with high duty cycles. Here, the most important information required concerns the lifetime expectations of the divertor target plates. The expectations for ITER, which are based on knowledge obtained from present devices, suffer from large uncertainties. Therefore, the ITER design foresees an exchangeable system of divertor cassettes, which can be entirely remotely controlled. 21 The details of this first design are still under investigation and need to be agreed upon in about 3-4 years from 2006. At this moment the surface materials have to be decided upon. The first operation of ITER is planned to be in 2015. After a few years of operation with the first set of divertor cassettes the exchange of the whole divertor with a further optimised design will be possible.
Tritium retention
Because tritium is radioactive the amount allowed within the ITER installation is quite restricted. It is desirable that most of the tritium is in the plasma volume or in the gas processing plant, but not retained or trapped elsewhere. Hydrogen and its heavier isotopes deuterium and tritium can be adsorbed with a long residence time in deep pores in the walls. In addition, they readily form compounds with carbon. In these compounds the deuterium and tritium present in a fusion reactor are not available for the fusion reactions in the plasma, but are retained somewhere in the vacuum vessel or walls. For hydrogen and deuterium this is only an operational problem, because there is no upper limit to the amount of hydrogen in a tokamak. For tritium, the retention in the walls is a serious problem because the amount of tritium allowed in the reactor is small.
From present tokamak experience it is definitely concluded that the overwhelming majority of the long term tritium retention is due to co-deposition of tritium along with eroded carbon forming tritium saturated carbon co-deposits. Like H and D, T is very reactive with carbon and can form a variety of molecules. To evaluate the scientific basis of this process and to improve our predictions for future devices a comprehensive study is needed. The reactivity of D and T will be considered to be similar, so that the majority of studies can be carried out with D. Issues that must be addressed include:
The evaluation of the intensity and the location of the physical and chemical erosion sources in the main chamber and divertor
The impurity transport behaviour in the edge plasma The local carbon transport in the divertor along the target plates
The sticking probability of plasma constituents such as D 0 , D 1 , neutral and ionized hydrocarbons etc.
Other important issues are the re-erosion of deposits, the relationship between plasma conditions and properties, such as hardness, of the deposited layers, and the migration of carbon in gaps in castellated tiles or between tiles.
While the database and experiences with present day tokamaks operating with a full carbon wall indicate that the amount of long term tritium retention in a future device like ITER might quickly reach its limit (350 g), 22 it is very important to study whether an ITER-like choice of wall materials with a beryllium metal first wall, tungsten baffles and graphite in the lower divertor region leads to a material composition by which the carbon erosion and the tritium codeposition with carbon is largely reduced. Whereas mixed materials are the present proposal for ITER, very little is known about the effect of the presence of these mixed species on the PSI, erosion and re-deposition. For metal surfaces, erosion is also an important issue to study, and additionally the resilience of the surface under high and varying heat loads is of great importance.
Of similar importance is to investigate whether the choice of surface temperatures in the divertor region would allow the majority of the co-deposited tritium to be concentrated on special areas from which it can be recovered easily. The control of the properties and patterns of the deposits will also be studied. This is closely related to the task of developing methods to remove retained tritium from co-deposited films in an effective way which is also compatible with plasma operation. One obvious way is to study the hydrogen isotope exchange behaviour in various plasma-facing components, others are to investigate thermal outgassing or the chemical reactions of hydrogen-rich carbon layers with reactive species like oxygen.
Dust formation
As long as carbon is considered for use as a wall material in any part of the device, dust formation is a crucial element of the problem. Therefore, this is receiving more attention. Dust particles-cauliflower-like particles of hydrocarbons in various compositions-in the critical size range of 1-10 nm are thought to play an essential role in the formation of redeposits. [23] [24] [25] Such particles may be confined in the high magnetic fields found in the divertor, so their concentration can be high. In this size range, their growth rate scales approximately quadratically with their concentration. The fundamental processes leading to the formation and growth of such dust particles are of prime importance for divertor performance and tritium retention. It is interesting to note that dust particles also play an essential role in astrochemical systems and silicon etching. 24 Many molecules identified in interstellar space are formed on the surfaces of dust particles in interstellar clouds, but the reaction temperatures here are orders of magnitude lower, a few K, than the eV temperatures in ITER. 26 3.6 Research on ITER-relevant plasma-surface interaction ITER itself will serve as an important test bed for the divertor design. However, supporting experiments in smaller devices are indispensable for approaching a deeper understanding of the processes. The issue of PSI and wall materials in reactor conditions is far from settled. ITER itself will provide essential new experimental data in this field and the integrated research programme, including the development of theoretical models and experiments in both ITER and dedicated experiments, should provide the basis for the choice of materials for reactors beyond ITER.
Tokamaks are needed to study the complex interplay of main chamber plasma and divertor plasma in toroidal geometry. The most important large scale experiment in this context is planned to be conducted on JET by modifying the JET wall with an ITER-like mix of materials (for more details, see http://www.JET.org). On a smaller scale, but addressing the processes in more detail with specialised diagnostics, experiments on plasma-wall interactions will be performed on other tokamaks, such as e.g. on TEXTOR in Ju¨lich. TEXTOR is operated by the Trilateral Euregio Cluster collaboration (TEC: FOM Institute for Plasma Physics, Rijnhuizen, The Netherlands; Institute for Plasma Physics Forschungszentrum, Ju¨lich, Germany; Royal Military School, Brussels, Belgium). However, most tokamaks are at present short-pulsed compared to ITER. Their rather small duty cycle and lack of easy access for PSI diagnosis give rise to uncertainties with respect to long term erosion and deposition processes. For this problem the need for steady state experiments with the relevant PSI parameters will be obvious. Such experiments should allow addressing the issues discussed above in an open and easily accessible, steady state flexible laboratory environment. The open laboratory environment has the advantage of much better accessibility and greater flexibility than an actual tokamak divertor. The accessibility allows the use of in situ real time plasma and surface diagnostics, so that processes can be studied while they happen, with the plasma on. Samples should be transferable, if necessary under vacuum, to surface analysis facilities. Modifications, changes to materials etc. should be introduced relatively quickly. Thus, smaller scale laboratory experiments, with steady state capability and heavily equipped with diagnostic tools, will complement the studies of the plasma-wall interaction in tokamaks.
Devices to study the plasma-surface interaction
Plasma-surface interactions have been studied in a number of devices. Obviously, tokamaks are among them, as already discussed, but in other fields, such as plasma processing of materials, many experiments have also been built. Dry or plasma etching of silicon is such a field. 27 Many experiments in the context of fusion have also been built. Experiments currently in operation include NAGDIS at Nagoya, Japan, 28, 29 PISCES at San Diego, USA, [30] [31] [32] [33] Pilot-PSI at the FOM Institute, Rijnhuizen, The Netherlands, 34, 35 and PS2 at Berlin, Germany. 36, 37 The feature that all of these devices have in common is that plasma production is clearly separated from the region where the plasma-surface interaction is studied. This allows adequate tailoring of the plasma without unwanted feedback from the surface region. This is a major advantage with respect to tokamaks, where the plasma-surface interaction can sometimes directly couple to the performance of the core plasma. The same holds with respect to, for instance, RF plasma etchers, where a change in surface conditions feeds back to plasma conditions. In the four devices mentioned this decoupling of plasma generation and surface interaction is realized by using a remote plasma generator that is connected to the surface region by a straight and long transport section. This long section gives space for modification and diagnosis of the plasma streaming to the surface. This surface section allows direct surface analysis. A schematic diagram of one linear device, PISCES-B is reproduced in Fig. 5 .
However, all kinds of equipment can be used to study plasma-surface interactions in the context of ITER. For instance, if one is interested in the interaction of atomic or molecular radicals and ITER-relevant surfaces, molecular beam machines could be used. Different aspects of the issue can be studied by different types of equipment often used by very different scientific communities. Therefore, we will discuss below a number of requirements that need to be met to mimic the plasma-surface interaction in ITER as well as possible without using a tokamak.
When sacrificing certain requirements, experiments of very modest size and cost can be designed, which can still do many relevant studies on plasma-surface interactions for ITER, whilst focusing on a specific aspect of the overall problems.
The authors are closely involved in the building of a machine meeting most demands, called Magnum-PSI, at the FOM-Institute for Plasma Physics Rijnhuizen, as part of the TEC and the Euratom Association.
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Pulse duration
The issues that must be addressed for which the pulse duration is an essential parameter are: erosion rates, dust formation, pattern formation, and possible saturation of the substrate. The system must have the time to establish a steady state, which as far as the temperature is concerned already requires minutes. The surface processes themselves, the 'conditioning' of the surface, also typically takes many minutes, determined by diffusion times. Quantitative studies on layer formation and dust production call for pulse durations of several hours before commencing steady state experiments.
Flux
The ion flux to the surface is a very important parameter. At fluxes above roughly 10 23 ions m À2 s À1 , the frequency with which a site at the surface is visited can exceed the typical inverse residence time for weakly chemisorbed species. Hence, the surface becomes strongly modified, and could be completely metastable when the plasma is on. Where deposition occurs, surface roughness with a typical scale of tens or hundreds of microns is found (see e.g. Fig. 6 . Reaching such a flux density is far from trivial. This can be seen, for instance, in Fig. 7 , where the high flux data is obtained from tokamaks. The flux density reaching the surface is, in the end, determined by the plasma sheath. The sheath region maintains the charge neutrality of the plasma by allowing equal positive ion and electron fluxes to the solid surface. Because electrons at the same temperature as ions are much more mobile, an electrostatic potential is dynamically established over the sheath that retards the electrons and accelerates the ions. The sheath potential is proportional to the electron temperature, and will be on the order of a few eV. The sheath thickness is on the order of the Debye screening length over which the overall charge neutrality of the plasma is maintained. The Debye length is of the order of a fraction of a millimetre. The sheath is often described by the Bohm criterion that describes the ion velocity upon entering the sheath as a function of the local electron temperature. 40 In the linear plasma generator, the Bohm criterion translates into some special requirements on, firstly, the power transported by the plasma beam (as this determines the electron temperature-see section 4.3) and, secondly, on the ion and electron fluxes in the beam.
Experimentally it is very difficult to create such a plasma flux over a macroscopic surface area, say at least 1 cm 2 . Most of the current experiments cannot reach a flux of 10 23 ions m À2 s À1 . Perhaps experiments with focused low energy ion beams could come close to the requirements presented here, but presumably at a very small surface area.
It is much more difficult to retain a hydrogen plasma than a noble gas plasma. In the latter the only neutralization possibility is electron capture in the presence of a third body. This is only probable at high density. For H 1 , resonant charge transfer in a collision with H 2 leads to the formation of H 2 1 , which can capture an electron with high probability leading to dissociative neutralization (H 2 1 þ e À -H * þ H) with one of the H atoms in an excited, radiative state. Hydrogen plasma is only stable against charge recombination if the degree of ionization of the plasma is close to unity and the temperature is high. If the temperature is above about 2 eV the plasma can ionize the remaining neutral gas fairly easily. Only in tokamaks is the degree of ionization close to unity, because of the very high temperature. In a small laboratory plasma the degree of ionization is usually smaller than 0.1. For hydrogen this results in fast extinction of the plasma. The best remedy against this is to confine the hydrogen plasma in a magnetic field. This reduces the number of collisions with residual gas, keeps the temperature higher and thus keeps the plasma ionizing. Experiments in the Pilot-PSI device at the FOM Institute, Rijnhuizen, have provided a dramatic demonstration of the influence of the magnetic confinement of the plasma on the flux. The study has shown that at the relevant temperature of the order of 1 eV, the application of a magnetic field of the order of 1 T enhances the flux by several orders of magnitude. (see Fig. 8 ). 35 Therefore, an axial magnetic field of several T is essential to bring the flux in the required range, i.e. well in excess of 10 23 ions m À2 s
À1
. The field is also required to ensure that the redeposition mechanism is in the parameter range of the divertor. Finally, as will be shown below, a magnetic field of B > 3 T has a dramatic impact on the confinement of hydrocarbons and dust particles up to some 10 nm radius.
To keep the plasma density over a length of more than a meter in order to decouple the source and plasma-surface interaction, it is essential that the plasma is ionizing, not recombining. This calls for an electron temperature of well above 1 eV. Moreover, to carry the required power flux, a temperature in excess of 3 eV is required (see section 4.3). Hence, the requirements related to particle flux and energy flux are strongly linked.
Plasma temperature
The temperature of the plasma in front of the surface is a dominant parameter determining a variety of processes, such as The flux to the target, which through the Bohm criterion for the sheath (introduced earlier) is determined by the values of the density n e and the electron temperature T e in front of the surface. This in turn determines the sheath potential and hence the impact energy on the surface.
The ionization degree. The nature of the incoming plasma, i.e. whether it is recombining or ionizing, is connected to this. The re-ionization of species that come off the surface is important and the plasma should be hot enough to allow it.
The charging of dust particles, and thus their confinement and growth rate.
The Larmor radius and mean free path of the various species, and thus their confinement. This determines the socalled Hall factor of the plasma.
For a plasma in local equilibrium the electron temperature T e and the ion temperature T ion are equal and in this case also called the plasma temperature. Experiments should aim at simulating the detached divertor regime, with its typical temperature of 1-3 eV. This is non-trivial because very high fluxes are needed to release enough surface material to effectively cool the plasma. However, it can be done at lower fluxes with tricks. A very hot, low flux plasma can reach a detached regime by injecting or 'puffing in' neutral gas near the divertor, as is demonstrated by the NAGDIS experiment. In such regimes the Larmor radii will be typically at most a few cm, and the mean free path will be around 1 mm.
To cover the wide variation of temperature that can occur in a divertor, and, more generally, to study the effect of the temperature on the PSI processes including the transition from chemical erosion to physical sputtering, the experiment must be able to vary the plasma temperature in a range of 0.5-30 eV.
The temperature determines the sheath potential, and hence the impact energy of ions hitting the surface. A rule of thumb is that the effective ion energy is about 3-4 times T e . To do relevant experiments on erosion mechanisms, the plasma generator must provide plasma with a temperature in the relevant range of 1-3 eV, and the means to control and vary it. This calls for auxiliary heating of the beam and gas injection near the target to cool the plasma. Cooling must be done very close to the surface, as at low T e the plasma is strongly recombining and loses charge density quickly. For T e o 1 eV the plasma is recombining and electron heat conduction is too low to sustain the temperature over lengths of more than tens of cm. Hence, the plasma temperature and degree of ionization decay quickly along the beam path, and the plasma extinguishes. However, for T e > 3 eV the electron heat conduction will sustain the plasma temperature over a length exceeding 1 m, and at that temperature the plasma is ionizing.
For plasma beam heating, Ohmic heating can be employed by inducing a parallel current in the plasma beam through electrodes. As well as this, RF-heating can be considered, for which a special differential pumping stage with low neutral density is needed. NAGDIS has a special section for this.
The impact energy can be further controlled by the application of a bias to the substrate, by which the sheath potential can be enhanced from an order of 10 eV to hundreds of eV. However, in this case there is no longer charge neutrality near the surface, and the equilibrium plasma is effectively turned into an ion beam, a situation which is dissimilar from the divertor plasma in ITER. Nevertheless, biasing may allow experiments with large fluxes of low energy ions that are otherwise impossible.
Finally, the plasma temperature determines the Larmor radii as well as the charging of small dust particles.
In conclusion, the plasma temperature is such an important parameter that it is essential to be able to control it in the relevant range for the ITER divertor.
System size and plasma beam diameter
The system size is of importance when species coming off the surface become ionized, or in the case of dust particles, charge up, and are trapped in the plasma-surface system before eventually returning to the surface. The key parameter is the mean free path of the neutral particles produced at the surface. In most of the linear devices and plasma etchers available today, the mean free path for reionization in the plasma is larger than the system size. These devices work in the weakly coupled limit of the plasma-surface interaction. Therefore, the very important phenomenon of recycling which occurs in tokamaks is missed in most smaller devices. This is an important shortcoming, because the atoms and molecules emitted by the surface in a tokamak may be re-excited or ionized, and their reactivity, both with gas phase species and a surface, can be completely different. It is hard to reach the strongly coupled limit for hydrogen, because of its high velocity and small cross sections, and in particular for charged heavy clusters because they are not easily deflected in a magnetic field. The Larmor radius for nanometer sized and multiply charged carbon clusters has been computed to be on the order of several cm. 41 Obviously, to reach the strongly coupled limit and to be able to study phenomena of surface diffusion over macroscopic distances, the plasma beam diameter should be at least 10 cm at ITER-relevant plasma densities.
In the operational density and temperature range of ITER, the ionization length of molecules such as CH 4 is typically a fraction of 1 cm. CH 4 is taken here as a typical representative of a molecule that can come off the surface. The dominant process is charge exchange (which is practically independent of temperature), but for plasma temperatures well in excess of 3 eV electron impact ionization becomes dominant.
The requirement that simple molecules leaving the surface must be trapped in the plasma implies that the system dimension should be several cm at least. For hydrogen atoms, the size has to be even larger.
For carbon dust particles, with a typical size of several nm, two criteria should be satisfied: i) their Larmor radius should be much smaller than the system size, and ii) their Hall or reionization factor should be well in excess of unity to ensure trapping in the magnetic field (and so reach the same conditions that are present in the ITER divertor). These two criteria necessitate both a magnetic field of several tesla and a linear system dimension of the order of 10 cm.
Neutral pressure
The neutral pressure is important in a variety of processes. The pressure and heating power determine the degree of ionization and other plasma parameters. It is important to note that the neutral gas does not necessarily have to be in full equilibrium with the wall. Association of H atoms at the wall can lead to creation of excited H 2 and other molecules. Also, the neutralization of the plasma beam at the surface and the neutral molecules that come off the surface, mostly with high translational and ro-vibrational temperatures, are essential players in PSI processes. If the neutral gas density were dominated by a large thermal component, the results of such an experiment may be very unlike those observed in ITER, because in ITER all neutral gas is produced by neutralization reactions in the plasma or at the surfaces.
Hence, the system must have the capability to vary the neutral density, and to get as close as possible to the situation in a detached divertor, where the plasma and neutral density are comparable. Interference by a large density of thermal gas, which will not be present in the ITER divertor, should be avoided. The neutral pressure is almost entirely due to the recombining plasma beam; the influx of cold neutral molecules should be negligible. Vacuum systems should be designed for a neutral pressure in the interaction region below 3 Pa during plasma operation at maximum flux. Secondly, when the plasma is off, the base pressure in the target compartment must be low enough to conserve the surface for analysis.
Heat flux to target and target temperature
The heat flux to the target is not a fundamental parameter, but it determines the surface temperature, especially in the case of peak heat load. The surface temperature is the critical parameter here, as it determines the residence times of intermediate states at the surface, and of course when it rises too high, gives rise to melting or ablation. The material of the target is, of course, a prime parameter of the model system.
Experiments should aim to handle target heat fluxes in the realm of the ITER divertor i.e. B10 MW m À2 . This should be consistent with the electron density and temperature expected in ITER, i.e. >10 20 m À3 at B3 eV. The targets have to be equipped with multi kW cooling capability to control the temperature.
ELM simulation and pulsed heat flow
An important issue is the behaviour of plasma-facing components under pulsed heat load such as that occurring in the socalled edge localised modes (ELM) in tokamaks on time scales close to ms (in JET: 0.1-0.4 ms, in Asdex Upgrade: 0.5-1.0 ms). 42 Concerning the physics, the essential processes to study are the melting, the formation and stability of the melt layer, the movement of the melt layer under j . B forces, and sublimation of the target surface and the ensuing ionization and redeposition of material. Here j is the current flowing in the molten material and B the applied magnetic field.
The technical possibilities to achieve an energy burst are: 1. Pulsed operation of the plasma source. 2. Modulation of the additional heating power. 3. Direct additional heating of the surface by e.g. a powerful laser pulse. This technique is easy to implement, because often the required lasers will be available and are also used for optical detection methods.
Such experiments, focused on transient heat loads, will give access to fundamental processes such as melting and sublimation under plasma impact.
Angle of incidence on target plate
The angle of incidence is a very important parameter. It comes about in rather trivial ways, such as the reduction of the flux density for grazing incidence. However, when the surface roughness comes into the realm of the Larmor radii of the ions and the Debye length, the sheath physics and deposition processes essentially change. Of particular importance, especially in the case of carbon targets, is the migration of material: where the erosion occur, the mechanism by which the eroded material travels, and where it travels to. For castellated target plates, the migration or deposition of dust in the slits between the plates is an important and urgent problem, for which the small angle geometry is essential.
Plasma diagnostics
To allow a detailed study of the underlying processes in plasma-surface interactions a detailed diagnosis of the plasma is essential. One needs to know the composition of the plasma, its ion temperature T ion , its electron temperature T e , the density, the degree of ionization, the neutral gas temperature, the internal temperatures of molecular species and the atom or molecule velocities, to name just the most important parameters. In addition, the plasma close to the surface is a system very far from local thermal equilibrium, and the energy content for different degrees of freedom can be very dissimilar and needs to be individually measured.
Passive emission spectroscopy is a very good and easy to implement tool to characterize excited species in a plasma, see e.g. ref. 43 . A caveat is that it is hard to fully interpret the data if the excitation mechanism is not fully understood.
Active or laser induced spectroscopy does not have this problem, but needs an excitation laser of some sort. Methods used are laser induced fluorescence, and cavity ring down spectroscopy. Thomson scattering (of photons) on the plasma electrons gives the absolute electron densities and temperatures.
Mass spectrometry can provide the plasma composition. However, the implementation of mass spectrometry is very complex if the plasma is confined in a strong magnetic field.
In all cases a number of methods need to be used in order to characterize multicomponent systems, and a plasma interacting with a surface is certainly such a system.
Surface diagnostics
Proper characterization of the surface is essential for a detailed study of the plasma-surface interaction. The methods used are well established in the fields concerned and will not be introduced further. Some reports in the relevant literature include ref. [44] [45] [46] [47] . Characterization can be carried out at three levels:
In situ characterization, preferably with the plasma on. This is needed because in the strongly coupled limit the plasma and surface are in a dynamic equilibrium, but this could be changed as soon as the plasma is switched off. Optical methods are preferred, as they can operate in the harsh plasma environment. Ellipsometry is one available method, but it is difficult to interpret its information content properly. The same holds to a certain extent for second harmonic generation. More specific information can be obtained from sum frequency generation, which essentially measures the infrared absorption spectrum of the surface on the femtosecond timescale. 48 Due to the very high peak photon fluxes used, the technique is not very sensitive to light produced by the plasma.
In vacuo characterization, but without the presence of a plasma. In this case all methods of modern surface science can, in principle, be applied. However, the surface treated by the plasma has to be brought to these tools, which in the case of a large, heavily cooled target is not trivial. Various kinds of sample transfer systems can be used, including vacuum suitcases. Methods that can be relatively easily implemented are laser ablation mass spectrometry and thermal desorption spectroscopy.
Ex situ characterization, including a transfer through air. This method has mainly been used for the analysis of tokamak surfaces. In the case where one is interested in such things as depth profiles of contaminants or the lateral structures built, ex situ studies can be excellent, because little change is expected. Obviously, such analysis will fail to show reactive structures of the surface while it interacts with the plasma.
An experiment under development: Magnum-psi
As part of the TEC collaboration and within the framework of Euratom, the FOM Institute is building a new machine that meets all of the requirements listed in sections 4.1-4.10. This apparatus, Magnum-psi, will be unique and provides an important new experimental facility for the range of experiments that are available to PSI research for ITER and reactors beyond ITER. 5, 38 Magnum-psi will be described in detail elsewhere; an overview of the current design is shown in Fig. 9 . The uniqueness of Magnum-psi lies first in its ability to access simultaneously several aspects of PSI, the combination of which results in the difference between ITER and present day experiments:
(1) Large ion fluence and continuous operation, which leads to 'macroscopic' modification of plasma-facing surfaces.
(2) High power density (5-10 MW m À2 ) with low plasma temperatures (o5 eV) such that materials are close to, or at the energy threshold for, sputtering, but have high surface temperature and are therefore near their materials limits for stress/strain, etc.
(3) Strong plasma-surface coupling: the high plasma density leads to short mean free paths for dissociation/ionization of eroded atoms or molecules in comparison to the linear dimensions of the plasma.
(4) Access to plasma diagnostics and in situ surface analysis. The steady state high flux of up to 10 24 ions m À2 s À1 at a plasma temperature in the eV range, a magnetic field of 3 T, and a large beam diameter make Magnum-psi a unique experiment, bringing the relevant parameters to typically an order of magnitude beyond what is presently available in linear plasma devices, and into the realm of the ITER divertor. It will be the only device so far to enter the strongly coupled regime, in which molecules and dust particles that come off the surface are trapped and remain part of the plasma-surface interaction system, and thus will allow relevant studies of dust formation, redeposition, migration and hydrogen retention. The steady state and high flux capability, combined with the large flexibility and easy access, allow frequent post-mortem analysis, which in present devices normally occurs only every 1-2 y. Magnum-psi is not a nuclear device, and cannot be operated with tritium. However, by carefully studying the uptake and exchange of H and D with various surfaces, the tritium retention problem can be studied, albeit indirectly. Through modelling H and D experiments information about the behaviour of T can be obtained.
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The 3 T magnetic field is a unique feature, which is essential both to achieve the required fluxes and to reach the strongly coupled regime. Moreover, it allows investigation of those phenomena in which the magnetic field is directly involved in the physics, such as the j . B movement of melt layers.
The comprehensive diagnostics and the flexible target geometry, the possibility of varying target materials and the inhouse ability to prepare target samples with a complex layered structure further add to the uniqueness of Magnum-psi.
Linear plasma generators-and Magnum-psi-can never fully model the physics of a tokamak divertor, due to the differences in geometry and energy spectrum of the constituents of the plasma that impact on the surface. Also, the conditions that occur during an ELM or a disruption are much more complex in a tokamak than in any experiment foreseen to mimic these in a linear device. However, as part of an integral research program on PSI, the value of Magnum-psi will especially lie in the exploration of the basic physics of PSI in conditions that are ITER-relevant, and in the development and testing of theoretical models for PSI and material damage under intense plasma fluxes, again in conditions that approach those which will occur in ITER. Magnum-psi will provide a new window on PSI in these extreme conditions, and complement PSI research at tokamaks, other plasma generators and theoretical studies.
Scientific challenges in the study of plasmasurface interactions
The major challenge for studies of plasma-surface interactions in the context of ITER is to find material surfaces that:
have a sufficient lifetime under the steady state atom or molecule and power load of ITER are resistant against short bursts of excessive power load retain tritium at a sufficiently low rate and are compatible with the general plasma performance (radiation, impurity contamination).
It is obvious that attempts to reach these goals will occur along different simultaneous routes. Research on the topic in tokamaks will continue vigorously in a very mission oriented fashion. Research in dedicated devices such as Magnum-PSI will contribute to a better understanding of the processes at stake and point to new solutions. Research concerning many basic issues can be carried out in smaller machines, and can elucidate the elementary mechanisms that dominate the overall processes. Obviously, modelling at various levels of complexity, from basic quantum mechanics to empirical descriptions using rate equations, will have to unify the results from all studies and determine their implications for plasma surface interaction in ITER.
Here we list a number of issues on which further study at essentially all of the levels discussed is necessary.
(1) The mechanism of physical sputtering, sticking, desorption, evaporation and recombination at the surfaces and the low energies concerned.
(2) The role of diffusion, both lateral and into the bulk. The study of diffusion barriers.
(3) The role of surface morphology, both at the atomic scale (faces, steps, kinks etc.) and at the mesoscopic scale.
(4) The role of surface materials and use of mixed materials (e.g. Be, C, W) on all processes mentioned.
(5) The nature of the chemical reactions at the surface. Besides Langmuir-Hinschelwood reactions, Eley-Rideal (or direct impact) reactions are expected to be very relevant in hydrogen dominated systems. What is the role of metastable intermediates at the surfaces? Chemical reactions of molecules in the gas phase are also highly relevant.
(6) Plasma physics of plasma-surface interactions, such as sheath formation at surfaces in a strong magnetic field.
(7) Growth, charging and dynamics of clusters. Fig. 9 Schematic diagram of the new linear device Magnum-psi. In the overview drawings the superconducting magnet (yellow) surrounding the vacuum vessel can be seen. At one end of the magnet the roots pumps for the plasma sources can be seen. At the other end a special vacuum vessel is projected into which the target can be retracted for in vacuo surface analysis. To the sides, large tubes lead to two roots pumps for the evacuation of the plasma heating chamber.
(8) Novel spectroscopic methods to study all of these features.
(9) Atomic collision physics in the strongly coupled region, of gases with a high degree of internal excitation.
All of these topics and presumably many more need further study. Obviously, in several areas there is a large number of reports available in the literature, but it needs to be assessed to determine whether the extent of this knowledge is sufficiently pertinent for the present conditions.
As stated before, only modelling will be capable of combining all the available information and adapting it to the needs of ITER.
Conclusions
Plasma-surface interaction will be one of the areas determining the success of ITER and the ultimate viability of generating fusion power under steady state conditions. Erosion and redeposition, handling the steady state power and intermittent peak powers, and preventing tritium retention on the reactor walls are issues to be solved for and by ITER. Although a lot is currently known about these issues, an extension of our knowledge base at all levels is necessary for the ultimate success of ITER. Mimicking the ITER divertor closely in an independent experiment will still require a very large experiment, such as the one under construction at the FOM Institute. However, many aspects of the underlying physical chemistry and chemical physics can be explored in dedicated experiments of a smaller scale. A large effort, including contributions from the readership of Phys. Chem. Chem. Phys., can contribute to making ITER a success, and ultimately enable a new way to generate an almost unlimited amount of energy in a sustainable fashion.
